Abstract. A zonal wave number one eastward propagating planetary wave observed in the high latitude winter stratosphere with a period near 4 days has been studied by a number of previous authors. Radar observations coupled with stratospheric analyses are here used to demonstrate that this wave, known as the 4-day wave, extends into the Antarctic upper mesosphere. Previous workers have asserted that the wave is a manifestation of the observation of warm pools rotating in the polar vortex, and that the pool seems to behave in a quasi-nondispersive manner. The observation of the 4-day wave in the upper mesosophere presented here appears to validate previous claims that the warm pools are being maintained by wavelike dynamics, rather than simple advection.
Introduction
The 4-day wave is a winter polar stratospheric phenomenon, first reported by Venne & Stanford {1979) and Venne & st•,fo•a (1982)(hereinafter V&S). Using zonal space-time spectra computed from satellite radiances, they found power near a period of 4 days in both the northern and southern hemisphere winters, peaking in amplitude at about 70 degrees latitude. The wave was seen to travel eastward and have zonal wave number one. In the southern hemisphere the wave phase was observed to tilt eastward with decreasing {equator-ward) latitude, leading V&S to conclude that the wave was transporting momentum from the polar region into the jet. By contrast, in the northern hemisphere the wave slope was westward and equatorward, suggesting momentum was being removed from the jet by the wave. Little phase tilt was observed with height in either hemisphere. 0148-0227/95/95JD-01168505.00 spectral characteristics of this feature led to the discovery of a significant zonal wave two power with a period around 2 days and power at 1.2 days in the zonal wave three spectrum. Prata noted that the period taken to encircle the pole was not consistent with simple advection of a warm pool, and concluded that nonlinear dynamics were involved.
Subsequent investigations by Prata

Lait & Stanford (1988) (hereinafter L&S) further an-
alyzed SSU data using an asynoptic space-time FoUrier transform technique. They were also able to identify a zonal wave four feature with a period of 0.8 days. Examination of the latitudinal structure revealed that wave one had two amplitude peaks in latitude, and the amplitude maxima for the other three components (waves two, three and four} moved poleward in latitude with decreasing wave number. Each of the components exhibited almost no phase tilt with height. L&S were also able to produce twice daily synoptic maps, which revealed several warm pools rotating around the pole with periods between 3.5 and 4.0 days. These pools were observed through many cycles, with one lasting seven full revolutions: about a month. At times multiple pools were observed, and one example of Hartmann (1983) who examined the unstable modes of a linear nondivergent barotropic model of the stratosphere, was able to predict the existence of wave number two and three harmonics, and explain much of the structure of the wave. In the same paper, Hartmann also used a quasi-geostrophic model to examine the effect of divergence and baroclinicity on the unstable modes identified using the barotropic model. With this second model, Hartmann examined the vertical structure of the modes for a jet structure with vertical shear. He found that the amplitude of the maximum wave one occurred at around 75øS, and about one scale height above the level of maximum wind. In contrast to V&S (at least for the southern hemisphere) his investigation predicted the waves were transporting momentum away from the jet (poleward).
Manney et al. (1988) (hereinafter MNSa) extended
Hartmann's barotropic analysis using a variety of mean state profiles including realistic summer and winter profiles. They found that decreasing the width of a jet caused the poleward modes to become more dispersive and unstable, eventually causing the most unstable poleward mode to shift f•om zonal wave number one to wave number two. In addition, increasing the strength of the jet was observed to cause the modes to grow faster, decreased the period, but had no appreciable effect on the dispersion. When the jet was closer to the equator, the poleward modes were observed to be more stable and more dispersive. When the jet was skewed toward the pole (i.e., the falloff in zonal wind speed was slower on the poleward side), the poleward modes grew faster.
As a consequence MNSa concluded that if what they
called quasi-nondispersive features (QNDF)arose from barotropic instability, they would •e expected to appear at times when the polar night jet was comparatively broad and peaked at high latitudes, and either symmetric or skewed poleward, causing a region of negative absolute vorticity gradient only on the poleward side of the jet. They also noted that such conditions might not necessarily be required for a long period of time, and might not be visible in the average statistics; the wind fields need only maintain barotropic instability (on a daily 'basis) through the growth period of the wave in order for it to be observed.
MNSa were not able to state clearly whether the served QNDF were moving slower than the background state (in accordance with Prata (1984) ), but stated that the features definitely traveled slower than the peak wind speed. They commented that this would imply the existence of a critical latitude (where the wave phase speed equals the zonal wind speed) between the jet maximum and the pole, which is in accordance with the barotropic instability explanation. 
Analysis of Data
Since the observations detailed by V&S showed that the amplitude of the "4-day" wave appeared to increase into the upper stratosphere, an investigation of the radar winds was carried out to see if there was any evidence for dynamic effects reaching the upper mesosphere.
The only way such effects could manifest themselves in the radar winds would be via the observation of periodicities in the winds with periods of between 2.5 and 4.0 days and the concomitant harmonics. For this reaSon time series analysis was attempted.
Both Fourier transform periodograms (amplitude spectra) and maximum entropy based spectra were produced. For the periodograms, amplitude spectra (which are closer to the physical information of interest as opposed to the power spectra) smoothed with one pass of a Hanning filter are shown here. For the maximum entropy spectra, log spectral density is displayed, in order to deemphasi•.e the spurious nature of some of the signal amplitude fluctuations. In addition, to confirm that missing data were not a problem, the Scargle method (Scargle, 1982; Press & Teukolsky, 1988), which only uses the available data, was also used to produce amplitude spectra. All procedures were repeated with different series length and different binning to ensure that the data treatment was not producing spurious peaks.
In general the winter spectra obtained were quite "noisy" at all locations and heights, a not unexpected result. Nonetheless, in general the zonal wind spectra were dominated by low frequency components (greater than 10 day periods) with the meridional wind spectra featuring considerably more spectral amplitude in the 1-to 10-day range.
The 4-day wave, 1983
Both spectral analysis (Figure 1 ) and examination of time series from Scott Base show a clear episode of an oscillation in the meridional wind which has a primary period near 4 days with a number of harmonics which are consistent with the observations aboveø The oscillation is discernable in both the time series and spectra from all heights, but the harmonics are not prominent at all heights, presumably due to interference from the general planetary wave noise expected at these heights (Lawrence, 1990) . All spectra in this section are from a 30 day series starting on July 9th, 1983.
The amplitude appears to be around 6-10 m/s in the meridional component, with the harmonic amplitudes somewhat smaller as expected. This amplitude is almost certain to be an underestimate; first, because the wave was not apparent during all the entire period, and second because the spectra were produced by using a fast Fourier transform (FFT), which meant that the series was initially extended with zeroes. Not all harmonics are present at all heights, and none of them can be isolated as statistically significant in the plots, since the series lengths are too small to give significance to other than the strongest peak in the spectrum. In order to ensure that the analysis method was not contributing to the harmonic power, other methods of spectral analy- To confirm whether these observations were contemporaneous with the appearance of the 4-day wave in the stratosphere below, two investigations were carried outø First, space time series analysis was used to investigate the data for the presence of eastward wave number one energy at the appropriate frequences, and second, daily synoptic maps of temperature on the 1 hPa surface were examined.
Space Time Spectral Analysis
Since the NMC data is available only daily, the Nyquist period is 2 daysø In order to have some spectral fidelity near 4 days and to minimise leakage from longer period phenomena it In an effort •o demonstrate the likely existence of the associated eastward moving disturbances of the wind components, space time series analysis was also carried out on the geopotential and derived wind components. Unfortunately, for 1983 these spectra showed little eastward moving power near 4 days. However, during 1984 there is some power at the appropriate frequencies. It is not clear whether the lack of power in 1983 was a consequence of the analysis scheme smoothing out the 4-day wave in the geopotential (and hence in the derived winds), or whether the wave had no manifestation in these fields.
Synoptic Maps.
To further confirm that the eastward moving features observed in the space-time spectral analysis are a manifestation of the 4-day wave, synoptic maps are used to demonstrate that the peak in the spectra is associated with a warm pool of temperature rotating around the pole. An example of such a warm pool, similar to that reported above is shown from July 1983, a period during which the 4-day wave was identified in the radar data. One 4 day sequence is displayed Cross spectral analysis between Christchurch and Scott Base showed appropriate amplitude behavior but the phase was not stable enough to provide any useful information.
Discussion
It is important to take care with the interpretation of spectral data alone. The period of primary interest is rather close to that of the normal mode 5-day wave reported many times in the literatureø Without spatial information (in particular with respect to the direction of propagation), the separation of the 5-day Nonetheless, the presence of the harmonics suggests that the observed wave is definitely the eastward moving 4-day wave. This coupled with the existence of the wave in the NMC data at the same time gives confidence to the identification. The observations at upper mesospheric heights are new and must give some further observational constraints on the origin of the wave. Note that the bandwidth of the spectral estimate is such that the 6 day peak would include power down to 3.5 days. The theoretical phase difference, assuming zonal waves one to three, is displayed in the fourth column. It can be seen that reasonable agreement is found.
